Differences in fitness (seed germinability and early growth) between ACCase herbicide resistant and herbicide susceptible biotypes of Lolium rigidum, were analysed. Five accessions were used: two herbicide susceptible biotypes (S1 and S2), two herbicide resistant biotypes (R1 and R2) and the fifth one (RB) composed of only basal seeds of the inflorescence of accession R2. Germination percentages, germination index (GI), coefficient of velocity (CV), coleoptile length and radicle length were estimated in controlled conditions in Petri dishes in germination chambers (12/24°C). Seedling emergence and early growth were also monitored outdoors in experimental pots. S biotypes showed similar germination percentages to R biotypes (92%) and similar coleoptile length at Zadocks 09 (9 mm), but slower germination (greater values of GI and lower values of CV) were observed. The basal seeds RB showed significant differences in percentage of germination (79%), coleoptile length (11 mm) and slower germination (greater GI and lower CV values) than seeds R2. Concerning the outdoor trial, no differences were observed in percentage of emergence and also in leaf and tiller appearance when comparing fitted Weibull curves of S and R biotypes. In contrast, significant differences between R2 and accession RB were recorded indicating slower plant development for the basal seeds (RB) than seeds from the rest of the inflorescence. Minor or no differences in fitness were observed between S and R biotypes; however, environmental factors as seed position in the spike have a relevant influence.
Introduction
Since the discovery of the first cases of herbicide resistance, several researchers have shown differences in germination, growth and development between resistant (R) and susceptible (S) biotypes in different species. Reported cases with reduced fitness for triazine herbicides are: e.g., Brassica campestris (Mappelbeck et al., 1982) , Senecio vulgaris (Holt, 1988) and Solanum nigrum (Kremer and Lotz, 1998) . Furthermore, growth of paraquat resistant populations of Erigeron canadensis and Hordeum glaucum was reduced compared with susceptible populations (Holt and Thill, 1994) , but in Hordeum leporinum, Purba et al. (1996) concluded that there were no differences between biotypes. These and other studies indicated that herbicide resistance was associated with a fitness penalty (Holt et al., 1993; Holt and Thill, 1994) . These observations seem to be confirmed in triazine resistant weed biotypes (Holt 1996) , which show reduced vigour, growth and competitive ability when compared with susceptible biotypes in the absence of herbicide.
In populations with resistance to other than PS II inhibiting and PS I disrupting herbicides, for example acetolactate synthase (ALS) and acetyl CoA carboxilase (ACCase) inhibiting herbicides, several differences have also been observed in fitness between R and S biotypes, e.g. in Eleusine indica (Marshall et al., 1994) , Amaranthus powelii (Tardif et al., 2006) and Lolium multiflorum (Ghersa et al., 1994) . Nevertheless, other studies have shown minor or no differences in fitness between both biotypes in Lactuca serriola (Alcocer-Ruthling et al, 1992) , Lolium rigidum (Gill et al., 1996) , Kochia scoparia (Thompson et al., 1994; Christoffoleti et al., 1997) or Bromus tectorum (Park et al., 2004) and concluded that differences between R and S biotypes exist though they are not correlated with reduced fitness in R biotypes. Despite this variability in the expression of resistance costs associated with these target site modifications in ALS and ACCase genes, two clarifications come up. Firstly, there is a diversity of target site gene mutations providing resistance to ACCase and ALS inhibiting herbicides, each having potential to endow different resistance costs, meaning that studies on costs of herbicide resistance must be assessed for each specific mutation (Vila-Aiub et al., 2005) . Secondly, comparing more than one population of each biotype should overcome any genetic background variation that exists among different populations (Tardif et al., 2006) .
Many parts of the life cycle contribute to the fitness of a plant, including survival, seed dormancy, establishment and growth (Holt, 1996) and populations may differ genetically in their fitness even in the absence of selection pressure from herbicides (Cousens et al., 1997) . Lolium rigidum Gaudin, is a good example of a weed with a large source of variation, this being reflected in their high genetic variability, large seed production and high phenotypic plasticity (Gill, 1996a) . Furthermore, L. rigidum is the weed with the most different mechanisms of herbicide resistance detected including cross and multiple resistances (Heap, 2006) . Gill et al. (1996) compared several fitness attributes (germination, growth and development) in several Australian accessions of L. rigidum of three distinct resistance classes (aryloxyphenoxypropionate resistant, sulfonylurea resistant and susceptible) and no significant differences were detected among biotypes due to considerable variation between populations for most of the biological attributes.
In most weeds, differences among non herbicide resistant populations have been found at morphological and physiological level. The main biological parameter used to better reflect these differences better is the germination. Different environmental factors, such as the physiological age of the mother plant and the seed position on the inflorescence, can cause preconditioning effects on seed germination (Baskin and Baskin, 1998) . In several grass weeds variations in dormancy and germination characteristics have been observed in seeds produced in different parts of the spike (Gonzalez-Rabanal et al., 1994) . For L. rigidum, variation in seed dormancy and seedling emergence have been observed among populations from different Australian origins (Gramshaw, 1972; Gill, 1996b; Chapman et al., 1999 , Steadman et al., 2003a Steadman et al., 2003b) ; however, no results in these biological parameters are reported to date within the same population and specifically, in the progeny originated from seeds at different positions in the inflorescence. If these differences can be confirmed, as a parameter influenced by environmental factors, it is probable to also find it within an herbicide resistant biotype. In this case differential behaviour on seed germination and seedling emergence between R and S biotypes must not be attributed as a result of an impact of resistance on fitness because the intrinsic variation of the biological parameters, especially in plants, as in L. rigidum, with large biological variability.
The objectives of this research were to detect possible genetic differences comparing germination and seedling development between R and S rigid ryegrass biotypes found in cereal crops from the northeast of Spain and also to detect possible environmental effects over these same attributes, within a single R biotype with attention to seed position in the inflorescence.
Material and methods

Plant material
Seeds of two herbicide resistant and two susceptible biotypes of Lolium rigidum were collected in early summer at harvest maturity (25th June 2000) from plants growing in selected fields from a western region of Catalonia, in the NE of Spain. Seeds of both resistant biotypes (R46 and R33) were gathered from fields that had been treated once annually with diclofopmethyl for each of the previous seven years. Seeds of both susceptible biotypes were taken from mature plants in fields with no herbicide control problems (S1 and S25). These fields were chosen because they had a similar soil type (alkaline clay-loam), continuous monocrop and located in the same climatic area of the inner Catalonia to minimalize environmental variation under which seed maturation had occurred. Subsequent testing in greenhouse trials confirmed resistance and susceptibility to herbicides that inhibit ACCase in these biotypes (Taberner et al., 2001) . Collected seeds were stored at 20°C for approximately 5 months until November, when the experiments started and the innate seed dormancy should have been alleviated.
Five ryegrass accessions were included in this study: the two resistant biotypes (called from now R1 and R2) and the two susceptible biotypes (called from now S1 and S2), detailed above. The fifth accession consisted of seeds selected only from the basal position in the inflorescence in plants from the R2 biotype (called from now RB). For the other four accessions (S1, S2, R1 and R2) seeds from the intermediate part of the inflorescence, i.e. excluding both the basal and apical position, were considered (table 1). 
Seed germinability in petri dishes
Fifty seeds of each of the five accessions were placed (25 November 2000) in sealed petri dishes containing moistened filter paper. Petri dishes were placed in a controlled environment germination chamber at 12 h alternating 12° and 24°C periods, optimal for germination (Gramshaw, 1972) . The light flux density (12 h per day during the warm phase) was 40-50 µmol m -2 s -1 . Treatments were replicated three times for each population source. Radicle protrusion from the seed coat was considered to indicate germination. Germinated seeds were counted daily for a period of 20 days. Samples of ungerminated firm seeds were assessed for viability by longitudinal slicing to expose the endosperm and incubation in 1% (wt/V) tetrazolium chloride solution for 24 h in the dark at 30°C. Extent of pink colour was observed through a microscope and seeds scored as viable when complete staining of the embryo and aleurone was observed.
At the end of the experiment the following parameters for germination were estimated from each petri dish: the germination percentage, the germination index (called from now GI) and the coefficient of velocity (called from now CV). According to Scott et al. (1984) , GI was calculated as:
where T i is the number of days after sowing, N i is the number of seeds germinated on day i and S is the total number of seeds planted. A small GI indicates shorter germination time. The CV (Scott et al., 1984) was calculated as:
where N i is the number of seeds germinated on day i and T i is the number of days from sowing. CV increases as more seeds germinate within a shorter time.
With the aim of estimating differences in vigour during the initial development of these five accessions, three other parameters were recorded in petri dishes: the days needed for 50% of seedlings to reach the Zadocks phenological stage of 09 (Zadocks et al., 1974) and the length of the radicle and coleoptile at this stage.
Data for germination and vigour parameters were submitted to a two-way analysis of variance and previously, they were transformed to natural logarithms (log (x + 1)). Differences between accessions (among and within type of resistance or seed position) were compared by contrast analysis.
Emergence and early development
Twenty seeds of each ryegrass accession were placed (14 November 2000) on the soil surface of commercial soil in pots (25 cm diameter by 24.5 cm deep). There were three replicates for each population source. Pots were placed outside the laboratory in Lleida and exposed to natural temperature and rainfall conditions. Seedling emergence and subsequently each plant development (leaf and tillers appearance) were recorded daily for each plant for two month.
Meteorological data were collected from a weather station in Lleida, located close to the experiments. Growing degree days (GDD) were calculated from the averages of daily temperatures and following Cousens (1996) a base temperature of zero was assumed for this species.
The leaf and tiller appearance was described by applying a sigmoid growth model (Weibull, 1959) according to the equation:
where y is the number of leaves or tillers, x is time expressed as growing degree days and K, b and a are empirically derived constants. K is the maximum number of leaves or tiller recorded, b is the rate of increase and a is the shape parameter. These parameters illustrate the variation of development speed at the maximum growth rate. Analyses with the Weibull model for leaf and tiller appearance were carried out using the NLIN procedure of the SAS software version 8.1 (Statistical Analysis System, SAS Institute, Cary, NC, USA, 2000). The model parameters were estimated by non-linear least-squares regression and also the goodness of curve fitting by contrast of joint hypothesis (P<0.05). A likehood ratio test (Kimura, 1980 ) was used to compare each parameter of the model (K, b and a) and also the overall equation shape (all constants together), between R and S biotypes and between RB and R2 accessions. Contrast analyses were performed with a Chi-square test between parameter estimates, with P values under 0.05 indicating statistical significance.
Results
Seed germinability in petri dishes
All four accessions with seeds from intermediate positions in the spike, showed a germination percentage greater than 92% and no differences were observed among resistant and susceptible biotypes (table 2). The proportion of viable seeds of the five source populations was greater than 90% and no differences were observed among them (data not shown). However, seeds from RB accession showed only 79% germination and by contrast analysis a significant difference to R2 was confirmed (P < 0.01). These seeds (RB) weighed more and were larger than the rest of seeds of the spike (R2) and ungerminated seeds were viable (94%) on the basis of the tetrazolium test (data not shown).
In susceptible biotypes (S1 and S2) the values of germination index (GI) were greater and the coefficients of velocity (CV) lower, than resistant biotypes (R1 and R2). The contrast analysis confirmed these significant differences (P = 0.036 and P = 0.001, respectively (table 2). According to these results both R biotypes showed a shorter germination time than both S biotypes, though differences in both parameters were also observed within the susceptible accessions (significant only for CV with P = 0.004). Moreover, seeds from RB accession showed greater values of GI and lower CV values than R2 seeds.
Three days was the minimum time needed to reach the Zadocks phenological stage of 09 for 50% of seedlings by the four accessions with seeds in intermediate position in the spike. The estimated length of coleoptile was, for all these four cases, nearly 9 mm (table 3) . However, the seeds from accession RB showed a larger period of time to reach the Z09 (6 days) and a longer length of coleoptile (11 mm). These differences were significant for both parameters in comparison with accession R2 ( On the other hand, in this phenological stage, the estimated length of radicle was greater in S than R biotypes. Although significant differences were observed between S and R accessions (P = 0.015), these differences were also observed within S accessions (P = 0.028). Furthermore, for this same parameter, no differences were observed between RB and R2 seedlings.
Emergence and early development
No significant differences were observed in percentage of emergence among the S1, S2, R1 and R2 accessions. The maximum value of 90% was for accession R1 and a minimum value of 76.7% was for accession S2 (table 4) . In contrast, seeds from RB accession showed a significantly (p < 0.01) lower percentage of emergence (45%) than their relative R2 seeds (78.3%). Leaf and tiller appearance were plotted against growing degree days and a Weibull function fitted. A significant curve fitting (P<0.05) by contrast for joint hypotheses were obtained for each five separated accessions and for both S (S1 + S2) or both R (R1 + R2) joined biotypes (table 5).
Leaf development started at 100 GDD and followed a similar pattern in both S and both R biotypes (figure 1). However, the RB accession showed a different pattern to their relative R2; the GDD needed to start leaf development was similar to R and S accessions, but the maximum growth rate and the maximum number of leaves produced were different. The maximum growth rate (slope of a tangent to the inflection point of the Weibull function) was estimated at 224 and 230 GDD for S1 and S2 accessions respectively and at 230 GDD for both R accessions; whereas for RB accession this parameter was held at greater value: 239 GDD. Moreover, in RB accession the maximum number of leaves produced during the period of time analysed, was lower than in the R2 accession. Values of K and b parameters for RB accession (0.520 and 0.003, respectively) were lower than in all other accessions (table 5). Comparing the parameters of the Weibull model of leaf development using the Kimura method (table 6) no differences were observed among S or among R accessions and neither were differences observed when R with S averages were compared. On the other hand, among R2 and RB accessions significant differences in K and overall Kba parameters were observed. In both S and in both R biotypes, tiller appearance started near 200 GDD and the maximum growth rate was estimated at 289 and 294 GDD for S1 and S2 and at 295 and 289 for R1 and R2, respectively (figure 2). The RB accession, however, showed a different pattern: tillering started near 300 GDD, the maximum growth rate was at 373 GDD and the maximum number of tillers developed during the period of time analysed was lower than their relative R2. Values of constant estimates K, b and a for Weibull curve for the five accessions analysed is shown in table 5. Values of K and b parameters obtained for RB accession (0.152 and 0.002, respectively) were lower than those obtained for all other accessions although the adjustment goodness was not as accurate as the other accessions (data not shown). The comparison of the parameter estimates by Kimura method of tiller development curves (table 6), showed no differences among S or among R accessions and neither between R and S average biotypes. Nevertheless, among R2 and RB accessions significant differences in b and overall Kba constants were observed (expected difference in parameter K was not significant). Table 6 . Comparison by Kimura method of parameter estimates for plant development models (leaves and tillers appearance) between several accessions of L. rigidum: two herbicide resistant biotypes (R1 and R2), two herbicide susceptible biotypes (S1 and S2), total herbicide resistant biotypes (R), total herbicide susceptible biotypes (S), and spike basal seeds from R2 accession (RB). Development models were calculated by the 
Discussion
It is acknowledged that this study was conducted with only four accessions, two from each biotype. Comparison studies of fitness components, such germination behaviour and plant growth between herbicide resistant and susceptible biotypes, suggest use a significant number of populations of susceptible and resistant biotypes to minimize inaccurate conclusions (Gill et al., 1996 , Cousens et al., 1997 . In this study, seeds were collected from similar habitats (soil type, agricultural practices) and similar climate (inner region from Catalonia). This suggests that the seeds collected from standing L. rigidum plants ripened under similar temperature, soil moisture and other environmental conditions. Seed maturation under similar conditions is a critical factor for minimizing variation among germination characteristics between biotypes (Cousens et al., 1997) .
Seed germinability
ACCase inhibited resistant biotypes of L. rigidum exhibited similar percentages of germination to susceptible biotypes, but the resistant biotypes showed shorter germination time (lower GI and greater CV) than susceptible biotypes. Gill et al. (1996) confirmed that there were no significant differences on dormancy among different biotypes classes of this species (aryloxiphenoxy-propionates-resistant, sulfonylureas-resistant and susceptible) but observed also faster emergence in aryloxiphenoxy-propionates resistant biotypes than other two classes. However, these differences were very small and suggest that they may have little meaning for the behaviour of the population in the field. The high genetic variability and high plasticity in L. rigidum is well known (Gill, 1996a) . This species is an outcrossing diploid whose wide adaptability and variable morphology arise from its genetic instability and populations can vary in fitness and other attributes in the absence of resistance (Cousens et al., 1997) .
Whereas minor or no differences should be considered to exist among R and S biotypes, our results show significant differences in germination percentages, GI, CV and coleoptile length among seed accessions coming from a different position on the inflorescence. Thus, the germination percentages and germination rate of basal caryopsides of the spikes were lower than those from intermediate position of the same inflorescences. Baskin and Baskin (1998) proposed two different causes for these differences. An explication is that resources are not allocated equally to all seeds; thus some seeds are larger than others and large seeds may have different dormancy breaking and/or germination requirements than small seeds. In some species, e.g. Aegylops ovata (Datta et al., 1970) or Trifolium subterraneum (Halloran and Collins, 1974) small seeds germinate to higher percentages than large ones. Another possibility for differences in the level of dormancy is that seeds produced at one position (e.g. at the base of an inflorescence) developed under different environmental conditions than those produced at another position (e.g. top of inflorescence). Akpan and Bean (1977) found than Lolium spp. and Festuca pratensis produced at high temperatures weighed less and had higher germination rates and percentages than those produced at low temperatures. Gutterman (1982) and Fenner (1991) confirmed that the environment of the mother plant during the time of seed maturation causes changes in germination characteristics of the progeny. In L. rigidum, the seed maturation environment has a significant effect on seed numbers and seed dormancy characteristics. Steadman et al. (2004) observed that seeds from plants of this species grown at warm temperatures were fewer in number, weighed less and were less dormant than those from plants grown at cool temperatures. In other works (Steadman et al., 2003a; Steadman 2004 ) was confirmed, in this same species, that temperature, light quality and seed water content, played a significant role in the way that thermal after-ripening time influenced dormancy, with dormancy release rate increasing as water content rose from 6 to 18%. In this sense, differences in temperature during the spike development and seed maturation in spring, or changes in the seed water content during the after-ripening time in summer, when seeds are on the soil surface, could be detected and affect differently the earlier (bigger) caryopsides produced than those (smaller) originated later. Further research must be developed in L. rigidum seeds to confirm or not this hypothesis.
Emergence and early development
There were no significant differences in seedling emergence and early growth (leaves and tillers development) between ACCase inhibited herbicide resistant and susceptible L. rigidum biotypes analysed in this study. Gill et al. (1996) also observed no differences in growth and development between three different resistant biotypes of L. rigidum from different Australian accessions. Vila-Aiub et al. (2005) observed, that no major differences among susceptible and ACCase target site-based resistant individuals, isolated from a single multiple-resistant population, when exposed to an alternating temperature 25/15°C cycle at 12h photoperiod. However, in suboptimal environments (either constant temperature or darkness) differences in germination could be found in the sense of a reduced germination of plants possessing a target-site resistant ACCase mechanism.
On the other hand, our results show significant differences in percentages of emergence and rate of development among seedlings coming from seeds with different position on the spike. The lower values of emergence observed confirm the differences in germination percentages found in petri dishes. Furthermore, those seeds in basal position show a slower leaves appearance and tillering. Differences in vigour of seedling were also reported in sunflower (Shete et al., 1992) and wheat (Mora Aguilar et al., 2000) depending on seed position on mother plant. In this sense, Gray et al. (1982) observed in different weed species that the seed position on plants affected the subsequent seed development and seedling growth, probably due to differences in assimilate movement into seeds and accumulation of growth regulators. No data are available in this sense for L. rigidum, but similar causes probably explain this variability of seedling performance.
Ecological significance
Few reports have demonstrated the effects of environment on population dynamics of herbicide resistance. However, it is well known that cultural and chemical practices used in crop production impose significant selection pressure on weed populations and the effects of such selection pressure may be more significant to weed evolution than intrinsic differences in relative fitness between R and S biotypes (Holt, 1996) . Vila Aiub (2005) confirmed that it is the ecological environment that will ultimately determine the success of different resistant herbicide populations during germination, emergence and establishment.
In our study, it has been established that differences in dormancy, emergence and seedling growth in L. rigidum can be observed depending on seed position on the spike. These differences could be produced by changes in environmental factors as temperature, day length or water content during the seed development and maturation over the parent plant. When a comparison between resistant and susceptible biotypes of this species is made, it is necessary to consider that differences in fitness and other attributes could not be correlated with the presence of resistance. Environmental factors, as the position on the spike of seeds used to test differences, seems have a relevant influence. Further investigation is required to enable this factor to be taken into account in future predictive emergence models.
